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The basal lamina is composed of molecules which physically interact to form a network that serves as a migrational scaffold
for many cell types. In the developing peripheral nervous system of the grasshopper, neuronal growth cones are intimately
associated with the basal lamina as they migrate. Laminin is a major component of the basal lamina and is a potent
promoter of neurite outgrowth in vitro. However, it is unclear what the source of laminin is or how the distribution of
laminin within the basal lamina is established. To address this question, grasshopper laminin subunit genes were cloned.
As expected, laminin was found within the basal lamina throughout the embryo, in particular in the limb bud, where its
expression is coincident with the outgrowth and guidance of the Tibial (Til) pioneer neurons. Surprisingly, the synthesis of
 and  chains of laminin was restricted to migratory mesodermal cells, while in other nonmigratory tissues, such as
epithelium and presumptive muscle,  and  chains of laminin were not detected. In spite of this, laminin immunoreac-
tivity in the basal lamina appears uniform and is available as a substrate for axonal outgrowth. © 2002 Elsevier Science (USA)
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The basal lamina is a molecularly heterogeneous struc-
ture composed of many molecules, including laminin, type
IV collagen, perlecan, and nidogen. Both laminin and type
IV collagen can self assemble in vitro to form networks
(Yurchenco and Furthmayr, 1984; Yurchenco et al., 1985;
Cheng et al., 1997) which are essential for the function of
the basal lamina. In addition to binding to perlecan, laminin
and type IV collagen networks interact through binding of
the intermediary protein nidogen. The molecular organiza-
tion of the basal lamina is highly ordered and arises in part
by these molecular interactions between basal lamina mol-
ecules, as well as through linkage to cell-surface receptors,
such as integrins and dystroglycan (Henry and Campbell,
1998, Aumailley et al., 2000; reviewed by Colognato and
Yurchenco, 2000). At the developing neuromuscular junc-
tion, the distribution of numerous laminin isoforms are
temporally and spatially regulated, indicating the impor-
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form (Patton et al., 1997).
From 30–35% of embryonic development, the limb bud
of the grasshopper is composed of epithelium and an under-
lying basal lamina, which separates the epithelium from
the mesoderm. Both the mesoderm and the epithelium at
this stage of development are relatively undifferentiated;
however, muscle begins to differentiate (Ho et al., 1983) and
limb segmentation proceeds. During this stage of develop-
ment, neural precursors arise from the distal epithelium
and extend axonal processes into the CNS using the epithe-
lium and the basal lamina as substrates for migration
(Anderson and Tucker, 1988). The basal lamina is a thin
extracellular sheet that exhibits some variability in thick-
ness depending on location in the limb bud and stage of
development (Anderson and Tucker, 1989). As the limb
grows, the basal lamina changes in thickness, suggesting a
dynamic role in the development of the limb, possibly
aiding epithelial morphogenesis, muscle development, and
neuronal migrations. Enzymatic removal of the basal
lamina results in loss of axonal adhesion to the substratum
and perturbs epithelial morphogenesis, indicating an impor-
tant role for an intact basal lamina (Condic and Bentley,
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1989a). To date, no molecular components of grasshopper
basal lamina have been identified, nor has their mode of
deposition into the basal lamina been described.
In this study, we have described the expression of laminin
during development of the limb bud. Laminin protein is
distributed evenly in the epithelial basal lamina and is
expressed by migrating mesodermal cells. Surprisingly,
these migrating cells appear to be the only source of
laminin. The cells that express laminin migrate with vari-
able speeds and trajectories. The expression of laminin
solely by wandering mesodermal cells (without additional
contributions from other, stationary tissues) represents a
novel mode of basal lamina deposition and suggests second-
ary factors that ensure the even distribution of laminin in
the basal lamina.
METHODS
Cloning of Laminin  and  Chain in Schistocerca
gregaria
For RT-PCR, embryos at 35–40% of development were removed
from their egg cases in saline, and RNA was extracted by using
Trizol (GIBCO/BRL). To avoid amplification of genomic DNA in
the subsequent PCR step, total RNA was treated with RNase-free
DNase (GIBCO/BRL). For reverse transcription, the reaction con-
tained 1–2 g of total RNA, 200 ng of random hexamer, 0.5 g oligo
dT, or 20 pmol of downstream primer and 200 units of Superscript
II reverse transcriptase (GIBCO/BRL).
Degenerate primers specific for the EGF repeats of domain V
were a generous gift of Dr. Mark Seeger (Ohio State University).
Nucleotide sequence of these primers is degenerate for the amino
acid sequence CKCNGHAS for the forward primer and
GQCPCK(D/E) for the reverse primer. The nucleotide sequence is
as follows: forward primer TG(C/T) AA(A/G) TG(C/T) AA(C/T)
GGN CA(C/T) GC, reverse primer TC(C/T) TT (A/G)CA NGG
(A/G)CA (C/T)TG NCC. The annealing temperature was varied to
account for the degeneracy of the primers, beginning at 60° for 2
cycles and dropping 2°C every other cycle, until a final annealing
temperature was reached of 50°C at which 20 cycles were con-
ducted. MgCl2 concentration was constant at 3.0 mM and 2.5 units
of Taq DNA polymerase (GIBCO/BRL). Primers were removed
from the PCR products prior to cloning by using a Qiagen PCR
Purification Kit. Products were cloned into T-tailed pCR 2.1
(Invitrogen). Clones were digested with EcoRI and sequenced.
Sequences were entered into NCBI BLASTx. Clones that showed
homology to the laminin  chain were used as probes to screen
cDNA libraries.
A 600-bp clone of the grasshopper laminin  chain was used to
screen an oligo dT-primed lambda gt11 made from embryos at 40%
of development (generously provided by Kai Zinn, California Insti-
tute of Technology) and an oligo dT-primed lambda ZAP library
made from nerve cord of embryos at 50% of development (gener-
ously provided by Michael Bastiani, University of Utah). Library
screens were conducted as per Sambrook et al. (1989).
In the case of clones from the lambda ZAP library, insert size of
positive clones was analyzed by excision of the pBluescript plasmid
and restriction analysis. With the lambda gt11 library, inserts were
amplified by using sets of primers that either were specific to
flanking lambda DNA or were specific for internal laminin 
sequence, or a combination of the two. Larger clones were ampli-
fied by using the Expand Long Template PCR System (Boehringer
Mannheim). Positive clones were sequenced with an internal
lambda primer and laminin-specific primers derived from se-
quences obtained with the lambda primers. The Nucleic Acids
Protein Services Unit at the University of British Columbia se-
quenced the majority of clones. Overlapping laminin  sequence
was assembled in Assemblyline, translated with MacVector, and
aligned to known laminins with ClustalW.
In Situ Hybridization
Linearized partial cDNAs for the  and  chains (domains III for
both) were used for single-stranded PCR in which a single primer
was used with the Boeringer Mannheim DIG-labeled PCR kit to
generate DIG-labeled probes. Both sense and antisense probes were
generated in this fashion. Dot blots were used to determine
incorporation of DIG-labeled nucleotide. Prior to use, probe was
boiled for 40–60 min to generate smaller fragments. Embryos were
dissected in saline and fixed for 50 min in PEM-FA (0.1 M PIPES,
pH 6.95, 2.0 mM EGTA, 1.0 mM Mg SO4, 3.7% formaldehyde), and
washed three times for 1 min and three times for 10 min in PBT (1
PBS, 0.1% Triton X-100, 0.1% BSA). Embryos were incubated
overnight at room temperature in hybridization buffer without
probe (50% formamide, 5 SSC, 100 g/ml sonicated salmon
sperm DNA, 50 g/ml heparin, 0.1% Tween 20). Prehybridization
buffer was replaced with fresh hybridization buffer containing 50
ng/ml boiled probe. Embryos were hybridized overnight at 72°C.
Embryos were washed as follows: 5 SSC for 5 min, 0.2 SSC,
72°C, 0.2 SSC room temperature for 5 min. Embryos were further
washed for 5 min at room temperature in buffer B1 (0.1 M maleic
acid, 0.15 M NaCl, pH 7.5), and in buffer B2 (Buffer B1, 1% milk
powder) for 60 min at room temperature. Embryos were incubated
in anti-digoxigenin antibody (Boeringer Mannheim) 1:5000 in
buffer B2 for 1 h at room temperature, followed by two times for 30
min at room temperature in buffer B1. Embryos were equilibrated
for 5 min in buffer B3 (100 mM Tris–HCl, pH 9.5, 100 mM NaCl,
5 mM MgCl2), and reacted in buffer B4 (buffer B3, 0.3375 mg/ml
NBT, 0.175 mg/ml BCIP) overnight at room temperature in the
dark. Embryos were cleared in 70% glycerol and mounted in 100%
glycerol. In situ hybridization for semaphorin 2a was carried out as
previously described (Isbister et al., 1999)
Generation of Fusion Protein Constructs
A 428-bp EcoRI/BstYI fragment of domain III of the  chain of
grasshopper laminin was gel purified and subcloned into an EcoRI/
BamHI cut pGEX 4T1 vector (Pharmacia Biotech). Similarly, a
561-bp EcoRI fragment of domain III of the  chain of laminin was
subcloned into an EcoRI cut pGEX 2T. Cloning junctions of the
constructs were sequenced with pGEX-specific primers to confirm
orientation and frame. GST-fusion proteins were purified with
glutathoine-linked agarose beads (Sigma) as per Smith and Johnson
(1988).
Protein was concentrated prior to injecting rabbits by dialyzing
against PEG 8000 in 6- to 8-kDa dialysis tubing. For initial
injection, 0.5 mg of protein in 500 l was emulsified with equal
volume of Freund’s complete adjuvant (Sigma). For all subsequent
injections, 0.1 mg of protein in 500 l was emulsified with equal
volume of Freund’s incomplete adjuvant (Sigma). Rabbits were
housed and cared for at the University of British Columbia Animal
Care Center. All bleeds were processed as per Harlow and Lane
(1988).
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Western Analysis
Fusion protein and embryo lysate Westerns were carried out as
previously described (Bonner and O’Connor, 2001)
Antibody Staining
Embryos were dissected out of their egg cases in saline, and the
amnion was removed and staged as per Bentley et al. (1979).
Embryos were fixed as with in situ hybridization. Embryos were
blocked for 1 h at 4°C in either PBT–5% normal goat serum or
PBT–5% normal donkey serum, depending on the host of the
secondary antibody. Primary antibodies (see below) were incubated
overnight at 4°C, followed by several washes in PBT and secondary
antibody incubation at 1:250 in PBT for 1 h at room temperature.
Embryos were again washed in PBT and mounted in Slowfade
antifade (Molecular Probes). Primary antibody concentrations were
as follows: goat and rabbit anti-HRP 1:500, laminin  1:500, mes-3
1:4, 3H12 1:20, I5 1:4, Repo 1:250. Goat anti-HRP and rabbit
anti-HRP were from Jackson ImmunoResearch, and the monoclo-
nal antibodies mes-3, I5, and 3H12 were courtesy of Eldon Ball
(Australian National University); and repo antibody was courtesy
of Sarb Ner (University of British Columbia). Secondary antibodies
used in this study were all purchased from Jackson ImmunoRe-
search. They were: FITC-conjugated donkey anti-goat, FITC-
conjugated donkey anti-rabbit, Cy3-conjugated goat anti-mouse,
and FITC-conjugated goat anti-rabbit. For double labeling, primary
antibodies were incubated together with embryos overnight at 4°C.
Secondary antibodies were also incubated together for 1 h at room
temperature.
Elastase Treatment of Embryos
Embryos were incubated for 3 h at 30°C in 0.1% elastase (Sigma)
dissolved in saline. After incubation with elastase, embryos were
fixed and stained for laminin immunofluorescence as described
above.
Pre-absorption of Sera with Fusion Protein
Purified fusion protein (10 g) was incubated overnight at 4°C
with 1 l crude sera in a final volume of 100 l in PBS. The
following day, embryos were stained as per protocol by using the
preabsorbed sera. As controls,  sera were preabsorbed with the 
fusion protein, a fusion protein that contained Caenorhabditis
elegans alpha spectrin repeats (kindly provided by Ken Norman),
and PBS. GST-reactive antibodies were removed from the sera by
preabsorbing with 1/20 volume GST–acetone powder overnight at
4°C. Supernatant was collected after centrifugation at 10,000g for
10 min and filtered through a 0.4-m filter.
Confocal Microscopy
Confocal immunofluorescent images were collected on a Nikon
Optiphot-2 microscope by using the MRC 600 Confocal System
(Bio-Rad) equipped with a Krypton/Argon laser. The images col-
lected from the confocal microscope were captured in a 768  512
pixel field of view with the optical sections collected at 0.8-m
intervals. The confocal images were composed of 100-150 optical
sections for each embryo. Data collected from the confocal micro-
scope were analyzed in NIH Image 1.61, and Adobe Photoshop 5.0
was used for figure presentation. Confocal microscopy was con-
ducted at the Biosciences Electron Microscopy Facility at the
University of British Columbia.
Time-Lapse Nomarski Microscopy
Embryos from 33-36% of development were dissected from their
egg cases in saline as described. Embryos were immobilized on
glass coverslips coated in 5 mg/ml poly-L-lysine and cultured in
RPMI media as previously described (Isbister and O’Connor, 1999).
Embryos were imaged with Nomarski Optics on an inverted Nikon
compound microscope equipped with a Princeton Instruments
MicroMax CCD camera (Kodak chip KAF 1400). Images were
collected and analyzed by using Meta View imaging software
(Universal Imaging). Collected images (one every 3 min for 4 h)
were compiled into a movie by using Meta View software. Velocity
of cells was determined by measuring the distance the cell traveled
and dividing by the elapsed time. At the end of each time-lapse
period, embryos were fixed and processed for laminin immunoflu-
orescence as described above. The direction of cell migration was
categorized as dorsal, ventral, distal, or proximal. In the event that
the migratory paths were slightly off axis, for example, followed a
dorsodistal trajectory, the migratory path was scored as dorsal if it
was within 45° of the dorsal axis (see Fig. 6E).
RESULTS
Laminin Family Members in Schistocerca gregaria
In order to study the deposition of laminin during em-
bryogenesis, it was first necessary to clone laminin from
grasshopper. Using a combined approach of RT-PCR and
cDNA library screening, grasshopper laminin sequences for
the  and  chains of laminin were identified. Low-
stringency RT-PCR with primers degenerate for domain V
of the laminin  chain yielded portions of the  and  chains
of the laminin heterotrimer. Additionally, eight overlap-
ping cDNA clones of the  chain were isolated from cDNA
library screens and sequenced. Canonical laminin  chains
consist of a domain structure (similar to the  and  chains
of laminin) of six domains numbered I though VI with an 
domain between domains I and II (Colognato and Yurch-
enco, 2000). A 3495-bp section of the laminin  sequence
was cloned and sequenced, and spanned domains I–IV and
the  domain, but lacked domains V and VI (GenBank
Accession No. AF364959). Laminin  chains have been
isolated from many organisms, and a shorter  chain in
mouse, the 3 chain, does not contain domains V or VI
(Utani et al., 1995). However, no shorter  chains have been
identified in the invertebrate genomes of Drosophila or C.
elegans (Adams et al., 2000; Hutter et al., 2000). As a
grasshopper  chain probe hybridizes to an 8-kb band on a
Northern of embryonic grasshopper RNA, it is possible that
grasshopper laminin  indeed contains all six laminin
domains, but that the 5 end evaded cloning. However, the
entire 3 end of the clone was identified, including the
poly(A) tail, preceded by 3 UTR. In addition, the sequence
within the PCR clone that was used to screen the library,
and was used in subsequent experiments, had no PCR-
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induced errors and was confirmed by several cDNA clones
as a part of domain III.
The predicted domain structure of grasshopper laminin 
aligned to mouse and Drosophila laminin 1 is shown in
Fig. 1A. Once the 5-to-3 orientation was established,
domain identity was based on homology to other laminin
1 chains. The most 5 end of the  sequence is homologous
to domain IV of Drosophila and mouse 1 chain. Domains
III, II, and I appear successively further along the 3 end of
the sequence. Domain III of grasshopper laminin 1 begins
at amino acid 174 and ends at amino acid 572. Domain II
spans amino acids 573-790, the  domain spans amino acids
791-816, and domain I spans amino acids 817-1167. In the
case of domain I (the most 3 end of the cDNA), the last
amino acid that confers homology to the last amino acid on
the Drosophila 1 chain is followed by a series of stop
codons, 3 untranslated region, and the poly(A) tail (data not
shown).
The region of grasshopper laminin  that was cloned
consists of domains I–IV and the domain order and overall
structure is similar to other laminins. Domains I–IV of
grasshopper laminin  is 46% identical to domains I–IV of
Drosophila laminin 1 and 38% identical to mouse laminin
1 (Fig. 1A). Although grasshopper laminin  is 38% iden-
tical to mouse laminin 1, it is 35% identical to chick
laminin 2. Therefore, the invertebrate  chains of laminin
are most likely the predecessors of all laminin  chains.
Evident in Fig. 1A, the homology of grasshopper laminin
diverges in domain I. Domain I is only 31% identical to
domain I of Drosophila laminin, whereas domains  to IV
are 52% identical to domains  to IV of Drosophila laminin.
Other laminin 1 sequences are also divergent in domain I
compared with other regions (for example, Drosophila to
mouse in this region; see Fig. 1A). Therefore, this area does
not appear to be very conserved throughout evolution.
However, similar to Drosophila laminin 1, tertiary struc-
ture analysis of grasshopper  indicates a helical configura-
tion in the last 600 amino acids, consistent with domains II
and I forming a coiled coil (MacVector subsequence analy-
sis). Domain III of grasshopper laminin  has six predicted
EGF repeats, the same number predicted for domain III of
Drosophila laminin 1 (Mac Vector subsequence analysis).
Furthermore, domain III of grasshopper laminin contains a
partially conserved motif that is involved in cell adhesion,
cell migration, and growth cone extension (Graf et al., 1987;
Hopker et al., 1999). This amino acid sequence of this site,
YIGSR, is conserved in grasshopper (YAGSR) (Fig. 1A).
A second laminin chain was isolated from the RT-PCR
screen. The deduced amino acid sequence of this clone
shows a high degree of homology to domain III of the 
chain of laminin (GenBank Accession No. AY029214). This
clone is 67% and 55% identical to Drosophila and mouse
domain III of 1 laminin, respectively. This clone shows the
most homology to the 1 chain, followed by the human 3
chain (42% identity). Like the  chain, it is possible that
vertebrate  chains branched from the one invertebrate 
chain; however, this is difficult to determine with only
partial sequence. Furthermore, antibodies raised against
GST-fusion proteins and in situ hybridization results
clearly demonstrate an overlap of  and  expression (this
study), and  and  antibodies react with the laminin
heterotrimer on a Western (see Figs. 4E and 4F). A nidogen-
binding site on the  chain, DPNAV, is completely con-
served in the grasshopper  chain of laminin (Fig. 1B).
Expression of Laminin in the Developing Embryo
Electron microscopic examination of the basal lamina
has shown that it is present by 30% of development,
although its thickness throughout the limb bud is hetero-
geneous (Anderson and Tucker, 1989). However, it is un-
clear whether laminin is also distributed throughout the
limb at this time and whether it exhibits any spatial
heterogeneity. To answer this question, the expression
pattern of laminin during development, particularly in the
limb, was examined by using in situ hybridization and
immunocytochemistry. Single-stranded DIG-labeled sense
and antisense DNA probes were hybridized in embryos
from 30 to 46% of embryonic development. All the hybrid-
ization results presented here are from antisense probes
specific for the  chain; however, similar results were found
with the  chain. Between the stages of 30 and 46%,
laminin is consistently expressed by mesodermal cells that
are scattered throughout the limb bud (Fig. 2A). Many of the
cells that produce laminin message have a very distinct
migratory-like morphology, possessing multiple filopodial
and lamellipodial extensions (Fig. 2B, arrowheads). Laminin
message was also found in the mesoderm of the antennae,
mandibles (data not shown), and pleuripodia (Fig. 2A, lower
arrowhead), but was not found in the epithelium in any of
these structures (Fig. 2A, arrowheads). This staining was
not observed with sense probes (Fig. 2D). In order to
demonstrate that transcripts expressed by limb epithelium
can be detected by in situ hybridization, limbs were hybrid-
ized with probes specific for semaphorin 2a. Semaphorin 2a
mRNA is concentrated in the distal and dorsal quadrants of
the limb bud epithelium, as well as within a subset of
mesodermal cells (Fig. 2C; Isbister et al., 1999)
Although the results obtained with in situ hybridization
reveal the localization of laminin message, they do not
determine the localization of laminin protein in the basal
lamina. To confirm results obtained with in situ hybridiza-
tion and to determine the protein localization of laminin in
the basal lamina, polyclonal antibodies were raised against
GST-fusion proteins of domains III of both the  and 
chains of laminin (see Methods).
To determine the specificity of the laminin antibodies,
Western analysis was performed on  and  chain fusion
proteins as well as on embryonic lysate. The  chain
antibodies react robustly with  chain fusion protein (see
Fig. 4E). Similarly, the  chain antibodies react with  chain
fusion protein. However,  chain antibodies exhibit minor
cross-reactivity with the  chain fusion protein (see Fig. 4E).
On grasshopper embryonic lysates, both the  and -chain
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antibodies recognize the same high molecular weight band
(see Fig. 4F) that likely represents the laminin heterotrimer,
or possibly polymerized laminin. The  chain antibodies
react with a doublet, which could be indicative of the
cross-reactivity with the  chain of laminin (see Fig. 4E).
These results are consistent with our previously published
results (Bonner and O’Connor, 2001).
From 30 to 42% of development, laminin-positive cells
FIG. 1. Alignment of grasshopper laminin deduced amino acid sequences with mouse and Drosophila laminin. (A) Partial grasshopper  chain
sequence (G-LN Beta) is aligned to mouse laminin 1 chain (M-LN Beta) and Drosophila laminin 1 chain (D-LN Beta) sequences. Shaded areas
indicate identity. Domain III, containing EGF repeats, was used to generate polyclonal antibodies (single bar). A box indicates the conserved cell
adhesion site (YAGSR). Domain boundaries indicated by vertical bars. (B) Partial grasshopper  chain sequence is aligned to mouse laminin 1
chain (M-LN Gamma) and Drosophila laminin 1 chain (D-LN Gamma). The entire region, homologous to Domain III of the full-length  chain,
was used to generate polyclonal antibodies. A nidogen recognition sequence (box), DPNAV, is completely conserved in grasshopper.
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were observed throughout the embryo. Similar to the in situ
results, the cells appeared to be mesodermal in origin and
display a migratory morphology. These cells closely re-
semble the cells that were labeled with antisense probes
based on their position in the limb and their morphology
(compare Fig. 2H with Fig. 2B). Antibodies generated
against both the  and  chains exhibit identical staining
patterns. At 33% of development, single mesodermal cells
scattered throughout the embryo are highly immunoreac-
tive for laminin (Fig. 2H, arrow). In addition, the basal
lamina is also positive (Fig. 2H, BL). During development,
central and peripheral neurons are pathfinding at this stage,
including the Ti1 pioneer neurons. While the number of
laminin-positive cells is small at this stage, their number
increases as development proceeds and the limb enlarges.
Similar to the results obtained with in situ hybridization,
the epithelium was never found to be labeled with the
anti-laminin antibodies (Fig. 2H, EL). Consistent with the
in situ results, the mesodermal cells have a characteristic
migratory morphology, including a number of filopodia and
lamellipodia (Fig. 2H, arrowhead). In addition to being
expressed when the Ti1 pioneer neurons are extending to
the CNS from the periphery, laminin-expressing cells are
found in the CNS (Fig. 2F, arrows) when the first pioneer
neurons [progeny of the midline precursor (MP) cells; fig.
2E, arrows] are establishing the CNS neuronal scaffold (Figs.
2E–2G; Bate and Grunewald, 1981). This expression pattern
of laminin during pioneer outgrowth both in the CNS and
the PNS suggests a common role in axon outgrowth and
guidance. In addition, at all stages examined, laminin
pleuripodia, below the limb bud (arrowhead). In contrast, the
epithelium is negative for laminin message (dorsal arrowhead).
Distal is to the right, and dorsal is up. (B) Higher magnification of
limb mesodermal cells demonstrates the distinctive morphology of
laminin-expressing mesoderm. Positive cells (arrows) exhibit
lamellipodial-like cellular processes (arrowheads). (C) Semaphorin
2a is expressed in the limb epithelium at 29% of development.
Arrow indicates the distal tip expression, arrowhead indicates lack
of Semaphorin 2a expression in dorsoproximal epithelium. (D) A
control limb bud at 38% of development after hybridization with a
sense probe. (E–G) Laminin  chain immunofluorescence reveals
positive mesodermal cells that are found throughout the CNS
neighboring developing CNS neurons. (E) MP neuronal cell bodies
flanking the ventral midline with axons extending laterally (ar-
rows) are evident at 28% of development with anti-HRP immuno-
fluorescence. (F) At this stage, laminin  chain immunofluores-
cence is found on mesodermal cells in the CNS (arrows). (G)
Overlay of laminin and anti-HRP immunoreactivity. (H) Confocal
image of laminin  chain immunofluorescence in the developing
limb bud at 33% of development. Laminin is expressed by meso-
dermal cells (arrow) that appear to be migrating; note lamellipo-
dium (arrowhead). Laminin is not expressed by the epithelial layer
(EL) but is found in the basal lamina (BL). (I) Laminin  chain
immunofluorescence is disrupted in elastase treated embryos.
Scale bars: (A, C, and D) 30 m; (B, E, H, and I) 10 m.
FIG. 2. Expression of laminin in the developing grasshopper
embryo. Developmental profile of laminin using in situ hybridiza-
tion of laminin  message (A, B) and immunofluorescence (E–I)
using laminin  chain antiserum. (A) At 36% of embryonic devel-
opment, laminin  chain mRNA is expressed in mesodermal cells
within the lumen of the developing limb bud (arrows) and in the
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immunoreactivity appeared uniform within the basal
lamina, suggesting that basal lamina heterogeneity ob-
served with electron micrographic analysis (Anderson and
Tucker, 1989) cannot be explained by laminin distribution.
As laminin  chain antiserum stains the basal lamina as
well as mesodermal cells, it is possible that the diffuse basal
lamina staining is due to non-specific staining. To address
this, laminin  chain antiserum was preabsorbed with
laminin  fusion protein and embryos were stained as
before. Also, laminin  chain antiserum was preabsorbed
against the laminin  chain fusion protein, a fusion protein
for C. elegans  spectrin repeats, GST–acetone powder, and
PBS without fusion. No immunoreactivity was found in
embryos that were stained with laminin  chain antiserum
that was preabsorbed with laminin  chain fusion protein.
Conversely, laminin  chain antiserum that was preab-
sorbed with  spectrin fusion protein, laminin  chain
fusion protein, GST–acetone powder, or no fusion protein
(PBS) stained the mesodermal cells and the basal lamina in
embryos (data not shown).
To confirm that the diffuse, noncellular laminin immu-
noreactivity is associated with the basal lamina, embryos
were subjected to partial enzymatic digestion with 0.1%
elastase. Elastase digestion of grasshopper limbs results in a
loss of the basal lamina and an exclusion of the mesoderm
from the limb bud (Condic and Bentley, 1989a). As ex-
pected, after a partial digestion, laminin  chain immuno-
reactivity is disrupted in elastase-treated embryos (fig. 2I),
FIG. 3. Laminin is expressed by a subset of mesodermal cells, which are distinct from muscle precursors, and glial cells. (A) Embryo at
29% of development labeled with repo antisera, which labels glial cells. (B) Laminin  chain immunofluorescence of a different embryo at
the same developmental stage as the embryo in (A). Repo-labeled cells are confined to the CNS at this stage of development (A) and do not
label with anti-laminin antibodies (B). (C–E) Limb bud at 42% of development that is double labeled with anti-HRP (C) and repo antisera
(D). Overlay in (E). At later stages, repo-positive cells are associated with sensory axons in the distal limb (arrowheads in E). At
approximately 42% of development, the Ta3 neurons, which are associated with the repo-positive cells in (E) have extended toward the
Ti2-pioneer pathway (Keshishian and Bentley, 1983). (F–H) Limb bud at 34% of development double labeled with laminin  chain antiserum
(F) and monoclonal antibody 15, a muscle pioneer marker (G). Overlay in (H). In (G), arrow indicates the neuronal cell bodies of the Ti1
neurons, while arrowheads indicate the growth cones of these neurons (see text). Arrows indicate I5-positive muscle precursors, which
appear syncitial, compared with laminin-reactive cells. Scale bars: (B, C, F) 30 m.
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and much of the mesoderm was gone as previously de-
scribed (Condic and Bentley, 1989a).
Laminin Is Expressed by a Subset of Mesodermal
Cells
To identify the cells secreting laminin, a number of
antibodies were used that recognize different mesodermal
lineages in the grasshopper embryo (Figs. 3 and 4). Also,
antibodies specific for repo, a Drosophila glial homeobox
protein, were used to determine whether glial cells express
laminin as has been reported in other organisms (Montell
and Goodman, 1989; Luebke et al., 1995; Lentz et al., 1997).
In Drosophila, repo is expressed by PNS glia and most CNS
glia (Halter et al., 1995). Repo antisera has been used
extensively in the literature to classify anatomical descrip-
tions of glia as well as glial cell fate decisions (Xiong et al.,
1994; Halter et al., 1995; Xiong and Montell, 1995; Bush et
al., 1996; Hahnlein et al., 1996; Hartenstein et al., 1998;
Akiyama-Oda et al., 1998; Granderath et al., 1999; Reddy
and Rodriques, 1999; Van De Bor and Giangrande, 2001). In
addition, it has been established that repo antibodies also
label glia in the developing grasshopper central and periph-
eral nervous system (Halter et al., 1995; Hahnlein et al.,
1996). Figs. 3A and 3B show the distribution of repo-
positive and laminin-positive cells in the limb bud and
ventral nerve cord at approximately 29% of development.
The cells that secrete laminin in the developing limb bud
are not labeled by anti-repo antibodies, as no repo-positive
cells are present in the limb at this early stage. However,
consistent with previous reports, repo-positive glial cells
are observed in the CNS (Fig. 3A; Halter et al., 1995). At
later stages of development, repo-positive cells are found in
the limb and are associated with peripheral sensory axons
(Figs. 3C–3E), consistent with the observation that glia are
always found in close opposition to nerves (Bastiani and
Goodman, 1986) In contrast, laminin-positive cells were
never found to associate with the peripheral sensory axons,
indicating that it is unlikely that glial cells secrete laminin.
Insect mesodermal cells encompass many different cell
types, including the blood cell precursors, hemocytes
(which differentiate into plasmatocytes and crystal cells)
(Lebestky et al., 2000), muscle precursors, and muscle cells.
In order to precisely determine the identity of the mesoder-
mal cells that are secreting laminin, embryos were double
labeled with mesodermal and laminin antibodies. Two
antibodies that were used, I5 and mes-3, have previously
been reported to stain muscle pioneer cells (Chang et al.,
1983; Kotrla and Goodman, 1984). A third antibody, 3H12,
labels both hemocytes and the basal lamina (Ball et al.,
1987). An embryo at 34% of development was double-
labeled with laminin  chain antiserum in Fig. 3F and I5
monoclonal antibodies in Fig. 3G. The overlay of these
images is shown in Fig. 3H. A comparison of mesodermal
cellular morphology (Figs. 3F and 3G) reveals that laminin-
expressing cells are distinct from the muscle pioneers that
label with the I5 antibodies. Note that this antibody also
labels the Ti1 neurons in the developing limb bud (in Fig.
3G, the arrow indicates the cell bodies, and arrowheads
indicate the growth cones of the Ti1 neurons). In the
overlay, (Fig. 3H), it is apparent that these two antibodies
label different subtypes of mesodermal cells. Unlike the
cells that secrete laminin, cells that label with I5 are not
single cells with a random distribution within the limb.
I5-positive cells appear in chains and are associated with
muscle groups and tendons, as previously reported (Chang
et al., 1983; Ho et al., 1983; Ball and Goodman, 1985).
When a second muscle pioneer antibody was used, a
slightly different result was obtained. While no colocaliza-
tion was observed with I5 and laminin  chain antiserum
double labeling, a subset of mesodermal cells recognized by
the mes-3 antibody also express laminin. The mes-3 anti-
body appears to label two subsets of cells with distinct
morphologies, single cells that are randomly distributed in
the limb (Fig. 4B, arrowheads) and larger, more brightly
labeled cells with no filopodia or lamellipodia, that are in a
fixed position in all embryos examined (Fig. 4B, arrows).
These larger mes-3-positive cells resemble muscle pioneers
that also label with the I5 antibody as reported (Kotrla and
Goodman, 1984) and do not express laminin (Figs. 4A and
4B, arrows). Unlike the I5 staining pattern, the mes-3-
positive, single cells randomly located in the limb do
express laminin (Figs. 4A and 4B, arrowheads). Therefore,
the mes-3 antibody appears to label two populations of
cells: single migratory cells, that also label with laminin
antibodies, and larger, more brightly labeled cells that
appear stationary, possibly coalescing into muscle. Muscle
development in the grasshopper limb occurs by a process in
which mesodermal cells migrate to precise locations in the
limb, aggregate, and form syncitial masses (Ho et al., 1983;
Ball and Goodman, 1985). Thus, the single cells that label
with the mes-3 antibody and the laminin antibodies could
be the undifferentiated counterparts to the more mature
aggregated muscle pioneer cells that are stained with the
mes-3 antibody but not the laminin antibody. The loss of
laminin immunoreactivity in the muscle pioneer could
reflect a developmental regulation of laminin expression.
Alternatively, mes-3 antibody could label muscle pioneers,
as well as another class of mesodermal cells that secrete
laminin. To determine the identity of the laminin-and
mes-3-positive cells, an antibody that recognizes hemo-
cytes was used.
The monoclonal antibody 3H12, which labels hemocytes
and an unidentified protein in the basal lamina, was used in
combination with laminin antibodies to further character-
ize laminin-expressing cells. As previously reported (Ball et
al., 1987), the 3H12 antibody labels both the basal lamina
(Fig. 4D, arrows) and hemocytes (Fig. 4D, arrowheads).
Embryos double labeled with laminin antibodies and 3H12
demonstrate that all laminin-expressing cells are also
3H12-positive (Figs. 4C and 4D, arrowheads). In addition,
all laminin-positive cells are mes-3-positive, which labels
muscle pioneers. However, no laminin-positive cells are
positive for the muscle pioneer marker I5. Therefore, cellu-
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lar laminin immunoreactivity colocalizes with a subset of
mes-3-positive cells, a muscle pioneer marker, and 3H12, a
hemocyte marker, but not with a second muscle pioneer
marker, I5 (Table 1). This would suggest that the mes-3
antibody recognizes more than one mesodermal lineage.
While a careful analysis of the I5 antibody indicates that it
labels muscle pioneer cells (Ball and Goodman, 1985; Ho et
al., 1983), the mes-3 antibody has not been as extensively
characterized. We find that, in addition to labeling muscle
pioneers as reported (Kotrla and Goodman, 1984), it is likely
that mes-3 also labels hemocytes. However, without an-
other marker for hemocytes, it is difficult to definitively
identify this population of mesodermal cells. In addition, as
the 3H12 antigen has not been identified, it is possible that
3H12 recognizes laminin in the basal lamina, although the
distribution of these two antigens is distinct. In summary,
we find that single, randomly distributed mesodermal cells,
likely hemocytes, secrete a major constituent of the basal
lamina, laminin.
Embryonic Mesoderm Migrate within the
Developing Grasshopper Limb
Descendents of the insect hemocyte lineage, plasmato-
cytes and crystal cells, comprise cell types that are involved
in humoral and cellular immunity in the adult. Plasmato-
cytes are analogous to macrophages and phagocytose invad-
ing microorganisms, while crystal cells are involved in
humoral immunity (Mathey-Prevot and Perrimon, 1998). In
the grasshopper embryo, many cells are migrating, for
example, muscle pioneer cells (Ball and Goodman, 1985; Ho
et al., 1983), neurons, and their processes (Bentley and
Toroian-Raymond, 1989). Several lines of evidence suggest
that the mesodermal cells that secrete laminin are migra-
tory. Firstly, laminin-expressing mesodermal cells appear
randomly distributed throughout the limb and do not have
a fixed location. Secondly, the cells that express laminin
message and protein display a morphology that is consis-
tent with migratory cells, namely, they have multiple
filopodia and lamellipodia (Figs. 2B and 2H). Thirdly, other
classes of mesodermal cells are migratory, such as muscle
pioneer cells. Lastly, evidence from Drosophila has sug-
gested that hemocytes are highly migratory, originating in
the head mesoderm and circulating throughout the embryo
(Tepass et al., 1994).
In order to confirm that the laminin-expressing cells are
migratory, time-lapse videomicroscopy was employed to
directly examine the migratory nature of these cells in the
developing limb bud. Grasshopper embryos at 34–44% of
development were immobilized on poly-L-lysine glass cov-
erslips, and images of the developing limb were collected
every 3 min over a typical duration of 4 h. Time-lapse
movies are available at the following Web site: http://
www.anatomy.ubc.ca/Research_Areas/O’Connor.html. Ex-
amination of the migratory behavior of cells led to several
observations. While some mesodermal cells appeared sta-
tionary, a subset of mesodermal cells (usually single cells)
were highly migratory (Figs. 5 and 6). The rate of migration
was extremely variable, while the direction of the migra-
tion appeared to be random (Figs. 5 and 6D; Table 2). A
number of cells were observed to migrate to one location,
only to reverse the direction of migration to occupy their
original location at the end of the imaging period. Other
cells migrated to a given location and then ceased move-
ment for the duration of image collection, or in some cases
dividing before continuing migration (Fig. 5A). The average
rate of migration of mesodermal cells was 0.35 m/min 
0.12 with a range of 0.14 m/min to 0.9 m/min (n  9;
Table 2). Multiple filopodia were observed on the migrating
cells, rapidly extending and retracting, presumably sam-
pling the local environment. Furthermore, cellular migra-
tion was typically preceded by the extension of a filopodia
in the direction of the impending migratory event, similar
to neuronal growth cones. These cytoplasmic extensions
were similar in morphology to the extensions that are
visible with antibody labeling and in situ hybridization
with anti-laminin probes. To determine whether these
migratory cells were also expressing laminin, embryos were
fixed and prepared for laminin  chain immunofluorescence
after the time-lapse period. The anti-laminin labeling con-
firmed that the cells that migrated through the limb also
expressed laminin (Figs. 5A, 5B, and 6C).
Unlike the highly stereotyped migratory path of neuronal
growth cones in the developing limb bud, the migratory
path of laminin-expressing mesoderm appeared to be direc-
tionless. In order to ascertain whether migration was biased
FIG. 4. Laminin is expressed by a class of mesodermal cells. (A, B) Embryonic limb bud at 40% of development double labeled with
laminin  chain (A) and mes-3 (B) antibodies. Arrowheads indicate a subset of mes-3-positive cells that are also positive for laminin. All of
the laminin immunofluorescent cells are also labeled with the mes-3 antibodies. However, a subset of mes-3 cells that appear
morphologically similar to muscle pioneers exhibit no colocalization with laminin  chain antibodies (arrows in A and B). (C, D) Embryonic
limb bud at 31% of development double labeled with laminin  chain (C) and 3H12 (D) antibodies. Both the 3H12 antigen and laminin
colocalize in hemocytes in the limb bud (arrowheads in C and D). The basal lamina is also immunoreactive for 3H12, but in an uneven
pattern (arrows in D) (Ball et al., 1987). (E) Western analysis of laminin  chain and  chain GST fusion proteins with  chain and  chain
antibodies. The  chain antibody slightly cross-reacts with the  chain fusion protein. (F) Western analysis of lysate from embryos at 40%
of development with  chain and  chain antibodies. Both  and  antisera recognize a high molecular weight complex (polymerized
laminin) in the stacking gel. The  and  antibodies recognize a similarly sized band. Consistent with the cross-reactivity of  chain
antibodies with  fusion protein, the  antibodies appear to recognize a doublet in grasshopper lysate. Scale bar: (A) 30 m.
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to any particular direction, the pathways of 67 cells from 6
independent time-lapse movies were determined. Direction
of cell movement was scored by using 4 axes: dorsal,
ventral, distal, and proximal (Fig. 6E). Cell movement in a
given direction was assigned based on the cell’s trajectory
45° angle (Fig. 6E). In the dorsoventral axis, 33.4  8.2% of
cells were found to migrate dorsally in the limb bud and
22.5 5% of cells exhibited a ventral migratory path. In the
proximodistal axis, 15.5  5.1% of cells migrated distally
and 25  7.3% migrated in the proximal direction. A paired
Student’s t test on the highest and lowest values (dorsal
migrations account for 33.4% of all migrations, whereas
distal migrations account for 15.5%) confirmed that there
was no statistical difference between dorsal and distal
migrations (P  0.17). These data suggest that circulating
mesoderm migrate without direction in the developing
limb bud.
DISCUSSION
Laminins in Grasshopper
The regions of the  and  chains of grasshopper laminin
that were cloned show a high degree of homology to other
laminin chains. Importantly, the laminin  chain shares the
same domain order as other laminins. Two functionally
important motifs in domain III of the  and  chains are
conserved in grasshopper laminin. Within domain III of the
 chain, a cell adhesion and migration motif was identified
(Graf et al., 1987). Recent studies have shown that this
motif is biologically active in converting the attractive
properties of netrin, a bifunctional axon guidance cue, to
repulsion (Hopker et al., 1999). This cell adhesion site,
YIGSR, is partially conserved in grasshopper (YAGSR),
suggesting an evolutionarily conserved role for this site.
However, disruption of the YAGSR site with peptides and
antibodies had no effect on the migration rate or pathfind-
ing of Ti1 neurons in the developing limb bud (J.B. and
T.P.O., unpublished observations). Additionally, no change
in the migration rate of laminin-expressing mesodermal
cells was detected when limbs were cultured in the pres-
ence of peptides that disrupt the YAGSR site (J.B. and
T.P.O., unpublished observations). Together, these results
suggest that, in vivo, disruption of this site has no conse-
quences on the migration of two distinct cell types. An
explanation for this may lie in the amino acid change in the
grasshopper site compared with the vertebrate sequence, as
this site is only partially conserved.
Polymeric sheets of laminin in the basal lamina physi-
cally interact with other basal lamina constituents through
direct interactions or indirectly through intermediary bind-
ing partners such as nidogen (Timpl and Brown, 1996). On
the  chain of laminin, domain III contains a nidogen-
binding site (Mayer et al., 1993; Gerl et al., 1991), which
consists of the peptide sequence DPNAV (Poschl et al.,
1996). The DPNAV sequence is completely conserved in
Drosophila (Montell and Goodman, 1989), and Drosophila
laminin binds to mammalian nidogen (Mayer et al., 1997).
The region of domain III of grasshopper laminin  that was
cloned contains this putative nidogen-binding site and is
completely identical to Drosophila and mouse. This sug-
gests that grasshopper laminin  has the same molecular
characteristics as other laminins and likely plays an analo-
gous role.
We have recently demonstrated an essential role of the
nidogen recognition sequence on the  chain of laminin in
directing Ti1 growth cone turning in the developing limb
bud (Bonner and O’Connor, 2001). We found that the
nidogen-binding motif on the  chain is essential for Ti1
growth cones to turn ventrally in the trochanter epithe-
lium. Surprisingly, given the even distribution of laminin,
neither pathfinding nor migration rates were affected in
other areas of the limb bud. This suggests that laminin
works in conjunction with discretely localized cues in the
limb bud to correctly guide growth cones to their targets
(Bonner and O’Connor, 2001).
TABLE 1
Summary of Immunofluorescent Results
Antibody Cell type
% of laminin expressing
cells that label with
marker
anti-repo Glia 0
I5 Muscle pioneers 0
mes-3 Muscle pioneers 100
3H12 Hemocytes 100
FIG. 5. Migratory mesodermal cells express laminin. (A) High magnification of migrating cells in the developing limb bud using
time-lapse Nomarski optics and laminin immunofluorescence. Arrow tracks the current position of the cell in each panel, and asterisks
serve as a reference point for the initial position of the cell. Between 144 and 168 min, the cell in (A) undergoes a cell division, indicated
by a second arrow. Second to last panel shows an immunofluorescent image of the same cell stained with laminin  chain antibodies. In
57 min, this cell migrated 12.6 m with an average velocity of 0.22 m/min. The trajectory of the cell is shown schematically in the last
panel. (B) A second cell, located in the dorsal femur, is displayed as in (A). This cell traveled 29 m over 207 min with an average velocity
of 0.14 m/min. Laminin immunoreactivity and schematic of cell migration are shown in second to last and last panels, respectively.
Dorsal is up, distal to the right. Scale bar, 10 m.
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The Expression of Laminin Exclusively by
Migrating Mesoderm in Grasshopper
The expression of laminin by migrating mesoderm is not
unique to grasshopper. In fact, laminin has been shown to
be expressed by migrating hemocytes in Drosophila. How-
ever, many other cell types that remain stationary, includ-
ing ectoderm, mesoderm, glial cells, and mesectodermal
cells found in the CNS, also express laminin in Drosophila
(Montell and Goodman, 1989; Fessler and Fessler, 1989;
Kusche-Gullberg et al., 1992; Kumagai et al., 2000). In
vertebrates, laminin is deposited into the epithelial basal
FIG. 6. Several migrating cells in the limb bud express laminin. (A) Grasshopper limb at 35% of development was analyzed by using
time-lapse Nomarski optics and laminin immunofluorescence. At the onset of the time-lapse experiment, mesodermal cells are clearly
visible beneath the epithelium of the developing limb bud. Numbers 1–7 (located directly above the cell) indicate migratory cells in their
initial positions. (B) At the end of the time-lapse period (216 min), all 7 cells have migrated to new positions. (C) After the time-lapse period,
the limb was fixed and stained for laminin immunoreactivity. The 7 cells are again indicated. Each migratory cell was also positive for
laminin immunofluorescence. (D) Nomarski image at the beginning of the time-lapse period with cells in their initial positions indicated
with numbers, and the trajectory of the migratory events shown schematically. (E) Schematic depicting the limb bud and the axes of cell
migration. Arrows indicate proximal (P), distal (Di), dorsal (Do), and ventral (V) primary axes. Dotted lines indicate the borders of any given
direction (45° from the primary axis). (F) Data from six individual time-lapse experiments. Direction of migration was plotted as a
percentage of the total migrations per experiment. A total of 67 cells from 6 experiments were analyzed. Do, dorsal; V, ventral; Di, distal;
P, proximal. Scale bar: (A) 30 m.
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lamina by both epithelium and mesenchyme, and in some
cases, only by the mesenchyme (Ekblom et al., 1998). In
both vertebrates and Drosophila, laminin immunoreactiv-
ity found within the basal lamina is often found directly
adjacent to the tissue that expresses it, and these tissues
could play a role in the extracellular polymerization and
distribution of laminin (Colognato et al., 1999). In contrast,
in this study, migrating mesoderm are the sole contributors
of laminin in the basal lamina. In C. elegans, the incorpo-
ration of type IV collagen into the basal lamina also occurs
in locations that are distant from the tissue that secretes
type IV collagen protein (Graham et al., 1997).
We have demonstrated that the  and  chains of laminin
are expressed by cells that are only transiently associated
with the basal lamina in a given location at a given
moment. However, as a heterotrimer, laminin consists of
three subunits, , , and . Although we did not examine
the expression of the  chain of laminin, several lines of
reasoning indicate that the  chain is expressed by the same
cells (and not expressed by the epithelium). First, in order
for laminin to be secreted from cells, it must be assembled
into a heterotrimer (Matsui et al., 1995). Therefore, pres-
ence of the  and  chain message in migrating mesoderm is
a good indicator of presence of  chain message as well.
Second, despite the vast heterogeneity of laminin isoforms
in vertebrates, the invertebrate genomes of C. elegans and
Drosophila contain two  chains, a single  species, and a
single  species, which combine to form two isoforms
(Montell and Goodman, 1988; Chi and Hui, 1989; Garrison
et al., 1991; Martin et al., 1999; Hutter et al., 2000). These
isoforms differ only in their  chain composition, and have
in common the  chain and the  chain. Therefore, it is
highly likely that grasshopper also has two  chains, one 
and one , and therefore, the expression pattern of either the
 chain or the  chain would represent the expression
pattern of all laminin isoforms.
To rule out the possibility that the failure to detect
epithelial laminins was due to technical limitations, we
demonstrated expression of semaphorin 2a in limb epithe-
lium with in situ hybridization, as previously reported
(Isbister et al., 1999). In addition, it is well established that
epithelial guidance molecules can be detected with immu-
nocytochemistry in the developing limb bud (Kolodkin et
al., 1992; Isbister et al., 1999). Finally, removal of all
mesodermal cells from the developing limb (a consequence
of enzymatic digestion of the basal lamina) prevents the
regeneration of the basal lamina after the enzyme has been
washed out (Condic and Bentley, 1989c), suggesting that,
even in the absence of mesoderm, the epithelium is inca-
pable of expressing laminin or any other constituent of the
basal lamina.
Establishment of Even Laminin Distribution by
Migratory Mesodermal Cells
The basal lamina staining observed with laminin antisera
demonstrates that laminin is evenly distributed in the basal
lamina. The basal lamina lies between the epithelium and
the mesoderm in the developing limb bud. Although the
epithelium completely and evenly surrounds the basal
lamina, it is strikingly negative with both in situ hybrid-
ization and antibody labeling of laminin. The even distri-
bution of laminin protein within the basal lamina therefore
appears to be contributed by circulating mesodermal cells.
Anderson and Tucker (1989) have demonstrated with
electron microscopy the presence of a basal lamina as early
as 30% of development in the grasshopper limb bud. The
basal lamina is heterogeneous in composition both spatially
and temporally; for example, it is thicker dorsally in the
femur and tarsus at 35% of development (Anderson and
Tucker, 1989). However, this heterogeneity is not reflected
by laminin staining at the light microscope level, since
laminin appears to be evenly distributed in the basal
lamina. Therefore, the varying thickness of the basal
lamina must be due to uneven incorporation of another
basal lamina molecule. Indeed, the 3H12 antigen is distrib-
uted in the basal lamina in an uneven fashion and is
concentrated in dorsal quadrants in the femur and tarsus
consistent with the EM studies (Anderson and Tucker,
1989). Interestingly, this basal lamina constituent is also
expressed by migrating mesoderm, indicating that the dis-
tribution of basal lamina molecules is highly regulated.
Furthermore, these molecules are retained in the basal
lamina, often not adjacent to the cells that secrete them.
How do cells that migrate throughout the limb ensure the
even distribution of one basal lamina molecule, laminin, at
the same time as ensuring the distal and dorsal accumula-
tion of the 3H12 antigen?
In the case of both laminin and 3H12, high cellular
expression is found in the circulating mesodermal cells,
which may ensure the promiscuous production of these
basal lamina constituents, while another factor may guar-
antee the appropriate distribution in the basal lamina, for
example, restricted expression of a binding partner. In the
case of laminin, another basal lamina molecule may be
expressed by the epithelium, which evenly overlies the
TABLE 2
List of Migrating Cells That Were Characterized Based on
Distance Traveled and Velocity
Cell
Stage of
embryogenesis
Distance traveled
(m) Velocity (m/min)
1 34% 12.6 0.22
2 34% 29 0.14
3 40% 10.8 0.28
4 40% 14.4 0.34
5 32% 21.6 0.55
6 44% 18.9 0.9
7 44% 14.4 0.2
8 40% 18 0.23
9 44% 19.8 0.33
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basal lamina. The correct localization of this molecule may
bind to and sequester laminin in the appropriate location.
Laminin has many binding partners in the basal lamina,
including nidogen and perlecan (Timpl and Brown, 1996).
Furthermore, it has also been demonstrated that laminin
receptors can serve as nucleating sites for laminin polymer-
ization (Colognato et al., 1999). Mutations in both integrins
and dystroglycan result in disrupted basement membranes
(Henry and Campbell, 1998; Aumailley et al., 2000; re-
viewed by Colognato and Yurchenco, 2000), suggesting that
these laminin receptors are essential for proper localization
and polymerization of the laminin network. As the basal
lamina lies between the mesoderm and the epithelium,
expression of a specific laminin receptor on the epithelium
or the mesoderm may confer the uniform distribution.
Therefore, laminin distribution within the basal lamina
could be established in a two-step process. First, high
expression of laminin by circulating mesoderm provides
abundant amounts of laminin in the basal lamina. Second,
the distribution of laminin could be controlled by binding
to integrins or another class of receptors which are evenly
expressed by the epithelium.
In conclusion, we have demonstrated the presence of
laminin subunit genes in the grasshopper that bear struc-
tural homology at the molecular level to other laminins.
Laminin expression is coincident with axon outgrowth and
is evenly distributed in the basal lamina. Laminin is ex-
pressed by mesodermal cells, which migrate within the
limb and somehow contribute to the even distribution of
laminin in the basal lamina. We predict that the role of
laminin-expressing mesoderm is to produce high quantities
of the laminin heterotrimer, the polymerization and local-
ization of which is most likely regulated by other tissues,
such as the epithelium. This study suggests that basal
lamina assembly and localization can occur by a mecha-
nism that does not rely on the stationary position of
laminin-expressing cells and most likely involves other
tissue types.
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